Natural abundances of stable isotopes in lotic food webs yield valuable information about sources of organic matter for consumers and trophic structure. However, interpretation of isotopic information can be challenging in the face of variability in organisms at the base of food webs. Unionid and dreissenid mussels, commonly used as baseline organisms in lakes, are uncommon in many river settings and can have variable diets, thus making them unsuitable as a universal baseline for many river food web studies and often forcing reliance on more common benthic insects for this purpose. Turnover rates of body carbon and nitrogen in insects are relatively rapid (1 to 50 days half life). These rapid turnover rates in primary consumers can result in considerable temporal variability in  13 C that rivals that of algae (>10‰ range within a site). This suggests that using primary consumers as a surrogate baseline for algae may not circumvent the problem of temporal variability and the resultant mismatch of sources with longer-lived, slow-growing secondary and tertiary consumers. There are several strategies for reducing the influence of these confounding factors when bivalves with a known diet are not present. These include sampling over large spatial scales and correlating  13 C of consumers with the source of interest (e.g. benthic algae), sampling baseline organisms multiple times in the weeks preceding sampling of larger consumers (particularly in response to large changes in discharge), and using algal-detrital separation methods and multiple tracers as much as possible.
Introduction
The natural abundance of stable isotopes in consumers reveals information about energy provenance, food web structure and habitat use (Fry, 2006) . Several assumptions underpin the interpretation of isotopic information, most notably variable diet-tissue fractionation within and among consumers (Post, 2002; Jardine et al., 2006) . While some of these assumptions are often explicitly stated and addressed, others are rarely discussed. Critical examination and communication of these assumptions can help avoid misinterpretation of isotopic data (Wolf et al., 2009) .
Potential pitfalls in interpretation of stable isotope patterns may be particularly acute in food web studies of running waters because of the dynamic nature of these systems (e.g. hydrological variability, organic matter inputs, floodplain connectivity).
Approaches that account for within-and among-system variation in  15 N and  13 C of the organic matter sources that support food webs (Vander Zanden and Rasmussen, 1999; Post, 2002) have been successfully employed in lacustrine and marine environments (Post et al., 2000; Jennings et al., 2002) , yet studies in running waters continue to be beset by uncertainty in the isotopic composition of basal sources that can inhibit the effective use of isotopes (France, 1995; Finlay, 2001) . Despite these challenges, stable isotope analysis (SIA) of carbon, nitrogen, and more recently hydrogen and sulphur, increasingly provide new insights into dietary habits and sources of organic matter for metazoan consumers, food chain lengths, and biogeochemical cycling in streams and rivers (Perry et al., 2003; Reid et al., 2008; Walters and Post, 2008; Walters et al., 2008) and their use will undoubtedly continue to grow. Hidden behind these successful applications of SIA in running waters are numerous unpublished studies where data are difficult to interpret because of insufficient sampling of sources or key consumer groups.
One of the most notable challenges facing stream ecologists using isotopes is the spatiotemporal variability in isotope ratios of in-stream primary producers (i.e. periphyton) (Finlay, 2004; Hadwen et al., 2010) and its contamination by detritus (Hamilton et al. 2005) . Much has been written about the spatial component of isotopic variability, with variability in  13 C occurring among streams, reaches within a stream, or even within a reach (e.g. France, 1995) and current methods attempt to take into account some of the  13 C "patchiness" in running waters by either measuring water velocity to standardize across sites (Rasmussen and Trudeau, 2010) , limiting sampling to either pools or riffles (Finlay et al. 2002) , or amalgamating samples from representative habitats (pools and riffles) to produce an average value for a given reach (e.g. Jardine et al., 2008) . However, temporal isotopic variability is both less well understood and acknowledged (Hadwen et al., 2010; Hladyz et al., 2010) .
One of the proposed solutions to the challenges posed by primary producers (spatiotemporal variability, impure samples of microalgae, and herbivore N isotope fractionation) is to select representative primary consumers that are known to feed on the sources of interest (Anderson and Cabana, 2007) and employ them as indicators of algal isotope ratios (Finlay et al., 1999; Walters and Post, 2008; Olsson et al., 2009 ).
This technique makes the assumption, among others, that primary consumer isotope ratios are less temporally variable than those of algae (Cabana and Rasmussen, 1996 ), yet few data are available to support this. Given that many stable isotope studies in streams employ single-event sampling (e.g. Jardine et al., 2008; McHugh et al., 2010) , the growing appreciation of seasonal variability in different food web components suggests that it is important to characterize temporal isotopic variability (Hadwen et al., 2010; Hladyz et al., 2010) .
In this paper we address the relative advantages and disadvantages of using primary producers or primary consumers as isotopic baselines in food web studies of running waters. First we present empirical presence/absence data for bivalves (the most frequently nominated primary consumer to indicate baseline isotopic ratios) in rivers. We then combine published and unpublished data on turnover rates and resultant temporal isotopic variability in algae and primary consumers from divergent riverine systems (temperate and subtropical, hydrologically stable and dynamic) to compare their utility. We finish by offering some recommendations to help account for the confounding factors associated with the use of stable isotopes in studies of river food webs.
Methods

Bivalve occurrence
To determine the frequency of occurrence of bivalve molluscs in standard benthological samples, we analyzed presence/absence data for freshwater mussels from 63 sites in New Brunswick (Canada) that were sampled as part of a broader food web stable isotope study (Jardine et al., 2008) . These samples were collected with a D-frame kick net in riffles and runs by disturbing the stream bed. A comparable macroinvertebrate dataset from Australia, derived from surveys using identical sampling methods, was also examined to establish the relative frequency of occurrence for bivalves in streams in sub-tropical Australia. (Bunn et al., 2010) .
Turnover rates
To assess the time scales of isotopic change in food webs, half-lives of carbon and nitrogen in primary producers and consumers in streams were estimated from the literature (Table 1) . Half-lives are calculated by fitting an exponential model to isotope data plotted through time following a diet switch (Hobson and Clark, 1992) .
The equations take the form: y = b + a*e ct where t is the time in days since the diet switch (or the addition of tracer) and c is the derived constant. This constant can then be entered in the formula: half-life = ln(0.5)/c to yield a half-life estimate (Hobson and Clark, 1992) . When data were not amenable to calculations of this type, halflives were roughly estimated from figures provided (e.g. Doi et al., 2007) . Most of the available information on elemental turnover comes from 15 N addition experiments and thus represents nitrogen, which may turn over at different rates than carbon or other elements (Jardine et al., 2008) . However, differences between elements are likely to be small compared with differences among organisms or tissues; thus, there is reason to suspect that similar trends would emerge for C.
To simulate the response of biota with different turnover rates to a hypothetical change in algal isotope ratios, we adapted a compartment model from Hamilton et al. (2004) . A  15 N increase of 5‰ in the dissolved N source was introduced and the resultant changes in  15 N of algae (turnover rate = 0.07 d -1 ), two benthic insects (mayflies, turnover rate = 0.26 d -1 , and beetle larvae, turnover rate = 0.06 d -1 , representative of selected primary consumers), and unionid mussels (Pleurobema sintoxia, turnover rate in muscle = 0.003 d -1 ) were simulated. These turnover rates are estimates based on empirical data, they include a trophic fractionation for the three consumers of 3.3‰ (Hamilton et al., , 2004 , and the model assumes that 100% of the diet is derived from algae. The increase was then removed after 25 days, thereby simulating a change in algal  13 C or  15 N (McCutchan and Lewis, 2002; Hadwen et al., 2010) that can occur as a result of changes in flow rates, CO 2 supply or nutrient inputs (Ostrom et al. 1998 , Finlay 2004 
Temporal variability
To examine seasonal variation in isotope ratios of primary producers and consumers, we collated data from published and unpublished stream and river studies in diverse settings (Table 2) . Data sources are derived from collections in eastern Canada and eastern Australia, consisting of sites sampled at varying temporal intervals (weekly to bi-monthly) and covering periods ranging from two to 12 months (Table 2 ). These sites encompass the range of hydrological conditions seen in rivers, from highly stable to unpredictable (Puckridge et al., 1998 system-specific discharge data was unavailable.
Biofilm scrubbed from rocks and other surfaces (wood, mud) is a complex mixture of attached algae (periphyton), bacteria, fungi, small invertebrates and nonliving organic matter (Lock, 1981) . In this study we restricted our analyses to the evaluation of variability in biofilm and attached filamentous algae because they are the primary producers most commonly sampled in streams and small rivers. Though they may be important in some river settings, we did not focus on aquatic vascular plants or phytoplankton because they are less commonly sampled in running waters and in our data sets they were not analysed often enough to permit temporal analyses.
Sampling procedures differed among studies; those reported here are examples of how primary producers and consumers are typically collected for SIA in riverine studies.
In the Canadian streams, a minimum of three biofilm samples per site was collected and values averaged for a given site and time. Each of these three samples consisted of material from the non-embedded surface of three rocks, and the three samples were taken across representative areas of the stream reach (typically ~100 m long)
including both pools and riffles. Given the known heterogeneity of algal  13 C in pools and riffles (Finlay et al., 2002) , this approach attempted to capture the mean value for algae growing in the reach. Primary consumers include all taxa collected on a given date that are typically considered scrapers or grazers (Merritt and Cummins, 1996; Gooderham and Tsyrlin, 2002) . This includes mayflies (e.g. Heptageniidae), water pennies (Psephenidae), shrimps (Atyidae), and others used previously in food web studies (Anderson and Cabana, 2007) , but the composition of the primary consumer community differed among sites and times. Consumers were collected from pools and riffles and, similar to algae, multiple samples were analysed and averaged within a site. Guts were cleared for a brief period of several hours prior to freezing.
For the Australian systems in southeast Queensland and northern New South
Wales and northern Victoria, at least three replicate samples of food web components were collected at each site on each date. The length of study reaches ranged from 20 to 35 m. Triplicate benthic algal samples (biofilm and filamentous algae categories described above) were collected from pools, runs and riffles, and from a range of different substrata (typically cobbles and submerged wood). As in the Canadian studies, means across all habitats were calculated to characterize reach-scale isotopic values, and primary consumers belonging to grazer and scraper feeding guilds were included in the analyses and collected in a similar manner.
All data presented here were generated by combusting samples in a Carlo Erba Variability in time in algae or primary consumers at a given site is presented both as one standard deviation around the overall mean for the sampling period, and the range of mean values observed over the sampling period. Replicate samples of algae or consumers on a given sampling day were averaged and the range and standard deviations of these averages within a site were used as the measure of variability. Ranges therefore represent the range of mean values for a given site sampled through time, rather than the range in individual replicates collected over the entire study period. For context, extremes in temporal variability were compared with spatial variability within and among sites (France, 1995) . For those locations where we had data for both primary producers and primary consumers, we ran paired t-tests to determine if temporal variability was higher in one of these groups (using the range in values as the dependent variable). To determine if sites with high variability in algal isotope ratios also had high variability in primary consumer isotope ratios, we regressed ranges in  13 C and  15 N of consumers against that of algae, with site as the unit of replication. Finally, we assessed whether, in the face of such high temporal variability, there remained strong links between algal isotope ratios and primary consumer isotope ratios by regressing site-specific overall means of consumers against that of algae for both  13 C and  15 N.
Results
Bivalve occurrence
Bivalve molluscs appeared in only six of 63 sites (9.5%) in the Canadian survey over three years of sampling. Although the incidence of occurrence for bivalves in the southeast Queensland dataset was much higher, less than half of the sites (48%) had bivalves.
Turnover Rates
Turnover rates, based mainly on 15 N, were relatively fast in benthic organisms of streams (Table 1) . Short-lived animals such as blackflies, mayflies, caddisflies and chironomids had fast elemental turnover with half-lives ranging between one and six days, while snails showed slower turnover rates (half-lives > 20 days). Amphipods and beetle larvae exhibited intermediate turnover rates (11 to 21 days). Large mussels can have very slow turnover rates (e.g. muscle tissue half-life = 231 days), similar to fish and other vertebrates, but sampling faster-turnover tissues (e.g. digestive glands, half-life = four days, Table 1 ) can make them more comparable to whole-body samples of smaller organisms ).
The model predicted that an increase in  15 N of 5‰ lasting for 25 days would result in almost immediate changes in  15 N of algae, followed soon after by increases in the  15 N of insect larvae (Fig. 1) . The algae came closest to steady-state equilibrium with their N source, but values for insects remained lower than the new steady state  15 N (i.e. 13.3‰) by the end of day 30. The bivalve muscle tissue, however, showed almost no response (~0.3‰ increase) to the increase in  15 N because of the very slow turnover rate of this tissue. The mean value for algae for the entire 115 experimental period was 6.1 ± 1.4‰ S.D. but rapid turnover and isotopic change meant that an algal sample collected on a single day (as is typical in an isotope field study) from day 5 to day 120 would almost always have a d15N value that was higher (e.g. 9.2‰ on day 30) or lower (e.g. 5.0‰ from day 90 onwards) than the mean for the period. . Only on days 7, 8 and 44 to 52 would the sampled value be within 0.3‰ of the mean for the period (0.3‰ being the typical analytical error for  15 N). Likewise, for mayflies with rapid turnover rates, the value measured on a given day would be within 0.3‰ of the mean value for the period (9.4 ± 1.3‰ S.D.)
only on days 9, 10, 11 and 48 to 56. For beetle larvae with intermediate turnover rates, only on days 14 to 19, and 59 to 73 would the sampled value match the mean value for the period (9.4 ± 1.2‰ S.D.). However, for a sample with a slower turnover rate such as the muscle tissue of a bivalve, the measured value on any day in the 115 day period would be within 0.3‰ of the mean value for the period (8.6 ± 0.1‰ S.D., Fig. 1 ).
Temporal Variability
Temporal variability in isotope ratios of algae and primary consumers was high at some sites but relatively low at others (Table 2 , two examples in Fig. 2 ).
Ranges in  13 C of up to 15‰ across sampling periods occurred in some of the Australian rivers (both subtropical and temperate), corresponding to standard deviations around the overall mean of almost 5‰. This variation was in many cases marked over short time periods, with shifts of up to 5‰ occurring over a period as short as two weeks (Fig. 2 ).
There was no difference in the temporal variability of primary producer and consumer isotope ratios. The site-specific ranges in  13 C of algae were similar compared with that of primary consumers (t = 1.23, p = 0.234, Fig. 3a) , and the sitespecific ranges in  15 N also did not differ between the two groups (t = -0.23, p = 0.590, Fig. 3b) . Surprisingly, the  13 C variability (range) in algae did not predict  13 C variability in primary consumers (r 2 = 0.12, p = 0.130, Fig. 3a ). However, there was a significant association between the range in  15 N of primary producers and that of consumers (r 2 = 0.47, p = 0.001, Fig. 3b ). Despite the high temporal variability in algal  13 C and  15 N, site-specific mean algal  13 C predicted site-specific mean primary consumer  13 C (r 2 = 0.51, p < 0.001, Fig. 4a ), and the relationship between these variables was even stronger for  15 N (r 2 = 0.78, p < 0.001, Fig. 4b ).
Discussion
The use of SIA to resolve food web patterns in streams has become a standard tool for aquatic ecologists but many of these isotopic studies produce results that are difficult to interpret. To improve this outcome here we discuss issues and make recommendations that will lead to more robust conclusions about sources of organic matter (assessed using carbon stable isotopes) and food chain length (assessed using nitrogen stable isotopes) in running waters.
A possible solution to the problems associated with spatial and temporal variability in lower trophic levels is to collect long-lived primary consumers such as suspension-feeding bivalve molluscs to provide an indicator of the isotopic ratios of the microalgal food resource (Howard et al., 2005; Gustafson et al., 2007) . Turnover modelling in the current study supports this choice because these longer-lived organisms provide a long-term baseline average for  15 N that can be better related to top predators that themselves exhibit slow turnover (Cabana and Rasmussen 1996) .
This approach has been used successfully in lakes (Post, 2002) and is an ideal option for baseline isotopic assessment in streams and rivers when bivalves are present and their diet is well known. Mussels can be uncommon and/or patchy in many streams and rivers (Bogan, 1993; Anderson and Cabana, 2007) , and even in areas where they are common (e.g. southeast United States, Atkinson et al., 2010) their dietary preferences are highly variable and in many cases unknown. They often consume and assimilate fine particulate organic matter that is itself a mix of terrestrial and algal material Atkinson et al., 2009) . As such, they are useful representatives as baseline organisms for food chain length studies because they represent the "average" baseline  15 N for the food web, but they are less suitable as an end-member to discriminate amongst organic matter sources (e.g. algae versus leaf litter) with  13 C, the latter being a more common question answered with isotopes in streams and rivers , France 1995 , Finlay et al. 2002 , McCutchan and Lewis 2002 , Bunn et al. 2003 , Perry et al. 2003 , Doucett et al. 2007 , Jardine et al. 2008 , Reid et al. 2008 , Hadwen et al. 2010 , Hladyz et al. 2010 . When lacking an obvious long-lived consumer to serve as a baseline in streams and rivers, we are faced with two options -1) measuring algae as the base of the food web, or 2) measuring benthic insects as the base of the food web. While both of these options present their own unique challenges, the common feature of both is a high degree of temporal variability related to rapid turnover of C and N in tissues.
Previous studies have shown a rapid response of primary producers and consumers to 15 N tracer additions (Mullholland et al., 2000; Hamilton et al., 2004; Hadwen and Bunn, 2005) , suggesting fast turnover of body N (and associated C) in short-lived aquatic biota (Cabana and Rasmussen, 1996) . Consumers with short life spans (e.g. blackflies and mayflies, Table 1 ) are likely to respond quickly to isotopic changes in primary producers because their relative growth rates are rapid (Fig. 1) .
Furthermore, because of the relative synchrony in the turnover rates (Table 1) Following from the above observations regarding elemental turnover in lowertrophic level organisms, it is not surprising that these taxa can exhibit high temporal variability. In many food web studies using isotopes in streams and rivers, singleevent sampling is conducted (e.g. Jardine et al., 2008; McHugh et al., 2010) . Based on the results of the current study, whenever it is feasible organisms at the base of the food web should be sampled on multiple dates to provide an adequate representation of the potential isotopic variability at a given site (Walters and Post, 2008 , Sabo et al. 2010 . Budgetary considerations will largely dictate the use of this approach. If sampling locations are remote and field costs high, it may be more cost-effective to collect more samples and/or employ a second tracer (e.g. D,  34 S) during a single visit rather than make multiple visits to sites.
Our model predicts that organisms with slow turnover rates (e.g. mussels, but any equivalent taxa including benthic insects with long generation times and slow turnover rates) will show less variable responses to changes in isotope ratios at the base of the food web. Our empirical data suggest that wide fluctuations in δ Conversely, more hydrologically stable systems such as those in eastern Canada may not exhibit such vast ranges in algal  13 C over time.
An additional drawback in using algae as an end-member in mixing models when determining the diets of consumers in streams is the possibility that the sample collected is contaminated by organic detritus. In running waters this detritus is often composed primarily of terrestrial or macrophytic material, thus shifting the δ 13 C of biofilm away from pure algae towards the δ 13 C of C 3 plants (-28‰, France, 1995) .
Furthermore, the biofilm community growing on organic substrates (e.g. wood) tends to be more heterotrophic than that growing on inorganic substrates (e.g. rocks) (Sabater et al., 1998) . These heterotrophs may use the substrate directly as a carbon source, leading to a δ 13 C value that resembles the substrate rather than the algae (Walters et al., 2007; Hladyz et al., 2011) . One solution to this problem is a technique for purifying algae that employs colloidal silica to create a density gradient (Hamilton et al., , 2005 , allowing the denser detritus to settle to the bottom of a collection tube during centrifugation. Alternative approaches exist to either characterize or discriminate between algal sources within biofilm matrices, particularly in those situations where algal purifications are logistically difficult (e.g. remote sampling).
Specifically, determining the chlorophyll-a:C ratio of biofilm samples, coupled with C:N ratios, can provide some indication of the degree to which biofilm samples are dominated by algal vs. other forms of carbon .
Filamentous or colonial algae are often easily collected from submerged surfaces in streams and rivers with little contamination by detritus, and it is tempting to use such samples as surrogates for microalgae. However, this conspicuous material may be present largely because it is poorly digestible and thus rarely enters aquatic food webs (Bunn et al., 1999; Delong et al., 2001) . Despite this limitation, filamentous algae may be worth sampling if they are consistently present and have isotope ratios that are equivalent to or correlated with those of benthic microalgae (e.g. diatoms) that are more likely to be consumed by grazers. For example, Rasmussen (2010) found that biofilm (rock scrapings) had  13 C that was strongly correlated (r 2 = 0.77) with that of pure attached filamentous algae (Cladophora sp., etc) in temperate streams and rivers. Rasmussen (2010) also estimated that up to 33% of the carbon in biofilm was of terrestrial origin (i.e. detritus). As such, purification of biofilm using density separation techniques (Hamilton et al., 2005) may be useful in combination with sampling of filamentous algae to ascertain the true aquatic endmember for mixing models.
Given the high variability observed in algal δ 13 C through space and time at a given site, the error that this produces in mixing models, and the logistical difficulties in resampling baseline organisms in remote locations, an alternative method to estimate dietary source proportions (i.e. leaf litter vs. algae) is to use a gradient approach (Bunn et al., 2003; Rasmussen, 2010) . To do this, collections of source and consumer material are made at many sites at a single time.
The mean values at a given site for the consumer of interest are then regressed against the mean values for the source of interest (typically benthic algae). A slope close to 1 and good fit (high r 2 ) denote a strong reliance on that particular food source, and spatial and temporal variability of the source is reflected by the scatter around the line (Rasmussen, 2010 ).
An example of this can be seen in Figure 4 . Even though source and consumer δ 13 C variability was high within the data set presented here (Table 2) , the average values were relatively well correlated (r 2 = 0.51) with a slope of 0.61, suggesting approximately 60% contribution from benthic algae to primary consumer diet (Rasmussen, 2010) . One complication in the application of this technique, however, is consumer movement. A highly mobile consumer will integrate variability among sites and thus not track site to site changes in algal  13 C even if benthic algae is important in the diet, resulting in a slope of zero in these plots (Rasmussen et al., 2009) . The gradient approach is therefore best used when combined with some knowledge of consumer movement patterns from natural history or tagging studies.
At the site level, in many situations  13 C does not differ enough between food sources to allow calculation of consumer diets using mixing models. For example, in New Brunswick Canada streams, 43 of 88 sites had  13 C in non-purified algae that was within 2‰ of the value (-28‰) for terrestrial vegetation (Jardine et al., 2008) .
The addition of other source tracers such as nitrogen (e.g. Udy and Bunn, 2001; Bunn et al., 2003; Reid et al., 2008) , hydrogen (Doucett et al., 2007; Jardine et al., 2009b) or sulphur (Croisetiere et al., 2009) or artificial enrichment (Hamilton et al., , 2004 Pace et al., 2004; Hadwen and Bunn, 2005) may help in these situations to discern food sources for consumers. In addition, newly emerging compound-specific isotope ratio analysis can reveal both sources and transfers of nitrogen and carbon in food webs (Chikaraishi et al. 2009; Lorraine et al. 2009 ). However, the use of these tools comes with its own analytical, methodological and financial challenges;; hence, more research is needed to fully understand sources of variability in their application.
With all of the challenges listed herein it is perhaps surprising that SIA of stream and river food webs even works at all. Yet broad scale patterns do suggest links between consumers and their algal diet (Finlay, 2001; Rasmussen, 2010, Fig. 4) and the processes driving food web structure in streams are emerging with the aid of stable isotopes (Walters and Post, 2008; McHugh et al., 2010 , Sabo et al. 2010 .
What is perhaps poorly represented to new users of SIA in this field is the large number of unpublished data held by numerous users of this technique (including the authors of this paper) that was deemed too difficult to interpret because of the confounding influence of the myriad of factors described above (e.g. Fig. 5) . A healthy dose of realism is needed in the isotope community to convey that isotope analysis is not a silver bullet that will answer all questions about food webs in streams and rivers (and other ecosystems), but rather carries with it many equally challenging assumptions as other traditional techniques. However, by incorporating some of the recommendations listed here we anticipate improved studies that draw more accurate and robust conclusions about pure and applied issues in river and stream ecology.
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